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Electron-Poor Polar Intermetallics: Complex Structures, Novel Clusters, and 
Intriguing Bonding with Pronounced Electron Delocalization 
Abstract 
Conspectus 
Intermetallic compounds represent an extensive pool of candidates for energy related applications 
stemming from magnetic, electric, optic, caloric, and catalytic properties. The discovery of novel 
intermetallic compounds can enhance understanding of the chemical principles that govern structural 
stability and chemical bonding as well as finding new applications. Valence electron-poor polar 
intermetallics with valence electron concentrations (VECs) between 2.0 and 3.0 e–/atom show a plethora 
of unprecedented and fascinating structural motifs and bonding features. Therefore, establishing simple 
structure-bonding-property relationships is especially challenging for this compound class because 
commonly accepted valence electron counting rules are inappropriate. 
During our efforts to find quasicrystals and crystalline approximants by valence electron tuning near 2.0 
e–/atom, we observed that compositions close to those of quasicrystals are exceptional sources for 
unprecedented valence electron-poor polar intermetallics, e.g., Ca4Au10In3 containing (Au10In3) wavy 
layers, Li14.7Mg36.8Cu21.5Ga66 adopting a type IV clathrate framework, and Sc4MgxCu15-xGa7.5 that is 
incommensurately modulated. In particular, exploratory syntheses of AAu3T (A = Ca, Sr, Ba and T = Ge, 
Sn) phases led to interesting bonding features for Au, such as columns, layers, and lonsdaleite-type 
tetrahedral frameworks. Overall, the breadth of Au-rich polar intermetallics originates, in part, from 
significant relativistics effect on the valence electrons of Au, effects which result in greater 6s/5d orbital 
mixing, a small effective metallic radius, and an enhanced Mulliken electronegativity, all leading to 
ultimate enhanced binding with nearly all metals including itself. Two other successful strategies to mine 
electron-poor polar intermetallics include lithiation and “cation-rich” phases. Along these lines, we have 
studied lithiated Zn-rich compounds in which structural complexity can be realized by small amounts of Li 
replacing Zn atoms in the parent binary compounds CaZn2, CaZn3, and CaZn5; their phase formation and 
bonding schemes can be rationalized by Fermi surface–Brillouin zone interactions between nearly free-
electron states. “Cation-rich”, electron-poor polar intermetallics have emerged using rare earth metals as 
the electropositive (“cationic”) component together metal/metalloid clusters that mimic the backbones of 
aromatic hydrocarbon molecules, which give evidence of extensive electronic delocalization and 
multicenter bonding. Thus, we can identify three distinct, valence electron-poor, polar intermetallic 
systems that have yielded unprecedented phases adopting novel structures containing complex clusters 
and intriguing bonding characteristics. 
In this Account, we summarize our recent specific progress in the developments of novel Au-rich 
BaAl4-type related structures, shown in the “gold-rich grid”, lithiation-modulated Ca–Li–Zn phases 
stabilized by different bonding characteristics, and rare earth-rich polar intermetallics containing 
unprecedented hydrocarbon-like planar Co–Ge metal clusters and pronounced delocalized multicenter 
bonding. We will focus mainly on novel structural motifs, bonding analyses, and the role of valence 
electrons for phase stability. 
Disciplines 
Materials Chemistry | Physical Chemistry 
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Electron-Poor Polar Intermetallics: Complex 
Structures, Novel Clusters, and Intriguing Bonding 
with Pronounced Electron Delocalization 
Qisheng Lin and Gordon J. Miller 
Ames Laboratory and Department of Chemistry, Iowa State University, Ames, Iowa, 50011 
CONSPECTUS: Intermetallic compounds 
represent an extensive pool of candidates 
for energy related applications stemming 
from magnetic, electric, optic, caloric, and 
catalytic properties. The discovery of novel 
intermetallic compounds can enhance 
understanding of the chemical principles that govern structural stability and chemical bonding as 
well as finding new applications. Valence electron-poor polar intermetallics with valence 
electron concentrations (VECs) between 2.0 and 3.0 e−/atom show a plethora of unprecedented 
and fascinating structural motifs and bonding features. Therefore, establishing simple structure-
bonding-property relationships is especially challenging for this compound class because 
commonly accepted valence electron counting rules are inappropriate.  
 
 2 
During our efforts to find quasicrystals and crystalline approximants by valence electron tuning 
near 2.0 e-/atom, we observed that compositions close to those of quasicrystals are exceptional 
sources for unprecedented valence electron-poor polar intermetallics, e.g., Ca4Au10In3 containing 
(Au10In3) wavy layers, Li14.7Mg36.8Cu21.5Ga66 adopting a type IV clathrate framework, and 
Sc4MgxCu15-xGa7.5 that is incommensurately modulated. In particular, exploratory syntheses of 
AAu3T (A = Ca, Sr, Ba and T = Ge, Sn) phases led to interesting bonding features for Au, such 
as columns, layers, and lonsdaleite-type tetrahedral frameworks. Overall, the breadth of Au-rich 
polar intermetallics originates, in part, from significant relativistics effect on the valence 
electrons of Au, effects which result in greater 6s/5d orbital mixing, a small effective metallic 
radius, and an enhanced Mulliken electronegativity, all leading to ultimate enhanced binding 
with nearly all metals including itself. Two other successful strategies to mine electron-poor 
polar intermetallics include lithiation and “cation-rich” phases.  Along these lines, we have 
studied lithiated Zn-rich compounds in which structural complexity can be realized by small 
amounts of Li replacing Zn atoms in the parent binary compounds CaZn2, CaZn3, and CaZn5; 
their phase formation and bonding schemes can be rationalized by Fermi surface-Brillouin zone 
interactions between nearly-free-electron states. “Cation-rich”, electron-poor polar intermetallics 
have emerged using rare earth metals as the electropositive (“cationic”) component together 
metal/metalloid clusters that mimic the backbones of aromatic hydrocarbon molecules, which 
give evidences of extensive electronic delocalization and multicenter bonding. Thus, we can 
identify three distinct, valence electron-poor, polar intermetallic systems that have yielded 
unprecedented phases adopting novel structures containing complex clusters and intriguing 
bonding characteristics.  
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In this Account, we summarize our recent specific progress in the developments of novel Au-rich 
BaAl4-type related structures, shown in the “gold-rich grid”, lithiation-modulated Ca-Li-Zn 
phases stabilized by different bonding characteristics, and rare earth-rich polar intermetallics 
containing unprecedented hydrocarbon-like planar Co-Ge metal clusters and pronounced 
delocalized multicenter bonding. We will focus mainly on novel structural motifs, bonding 
analyses, and the role of valence electrons for phase stability.  
1. BACKGROUND 
 Thirty-two years ago, Schäfer1 noted “our knowledge of the number of compounds in the 
(intermetallic) systems, their chemical properties, and most of important, the bonding 
mechanism in these phases are far less developed than in other chemical fields.” Today, bonding 
characteristics of extended solids remain one of the central and challenging topics2-7 in solid-
state chemistry despite seeing rapid growth of the discovery of new intermetallic and metal-rich 
compounds during the past decades. Intermetallic compounds consisting of main group metals, 
which include groups 11 and 12 elements, can be broadly divided into three large groups 
according to the degree of charge transfer from electropositive to electronegative components, as 
sketched in Figure 1. Hume-Rothery (HR) phases8 comprise components with similar sizes and 
electronegativities, so that there is minimal charge transfer and significant interatomic orbital 
overlap between them. HR phases occur for characteristic valence electron concentrations, or 
usually called (valence) electrons per atom (e/a values). Quasicrystals and approximants belong 
to HR phases, with their stability following the Fermi Surface-Brillouin Zone (FS-BZ) 
interaction mechanism. In contrast, the constituents of Zintl phases9,10 have a larger 
electronegativity difference. Typically, the “cations” come from alkali or alkaline earth metals 
and “anions” are nearby the Zintl border between groups 13 and 14.  Essentially complete charge 
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transfer between constituents is manifested in Zintl phases, thus ionic interactions contribute to 
bonding of the two strongly polarized counterparts, but covalent bonding exists within the 
anionic substructure if these atoms are not formally closed shell. The stability of anionic 
substructures in Zintl phases follow schemes like the Octet Rule, Wade-Mingo’s Rules11,12 and 
others.13 Between Hume-Rothery and Zintl phases are polar intermetallics, which show partial 
charge transfer from electropositive metals (alkali, alkaline earth, or rare earth metals) to 
electronegative metals and/or metalloids (late transition and/or post transition elements).9 Like 
Zintl phases, polar intermetallic compounds simultaneously possess ionic and covalent 
interactions. However, the commonly accepted valence electron counting rules fail frequently to 
rationalize the structures and compositions of polar intermetallics, in particular for those 
containing transition metals. Polar intermetallics represent a widespread pool of advanced, 
energy-related materials such as permanent ferromagnets, magnetocalorics, shape memory 
alloys, superconductors, hydrogen storage materials, and thermoelectrics. Thus, polar 
intermetallics have received extensive recent attention, although elucidating structure-bonding-
property relationships remains challenging for these materials. Exploration of novel polar 
intermetallics is therefore desirable to expand the understanding of chemical principles that 
govern their stabilities and chemical bonding as well as to find new applications.  
We began exploratory syntheses of quasicrystals and approximants ∼15 years ago using 
valence electron tuning to the pseudogap of the electronic DOS for Mg2Zn11-type crystalline 
precursors.14-20 Interested readers may refer to the review article, “A Chemical Approach to the 
Discovery of Quasicrystals and Approximants”.21 During the exploratory synthesis of 
quasicrystals, we often encountered novel complex crystalline intermetallics with compositions 
nearby quasicrystals, e.g., Mg35Cu24Ga53,22 Sc4MgxCu15−xGa7.5,23 Li14.7Mg36.8Cu21.5Ga66,24 
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Ca4Au10In3, 25 Ca3Au7.5Ge3.5,26 and Ca14Au46Sn5.27 This outcome demonstrates that a grand 
opportunity exists to obtain new polar intermetallics at low e/a values, at least for Au-based 
intermetallics.28 Relatives discovered among neighboring Na/K–Au–Ga/In/Sn (A = alkali 
metal)29-32 and Na/Ca/Sr/Ba-Au/Pt-Zn/Cd33-35 systems are excellent suggestions of wonders to 
come in neighboring Au-rich polar intermetallic systems.  
Among all polar intermetallics we have investigated, CaAu3Ga is remarkable because, as a 
cubic approximant with  the lowest order (1/0) to an icosahedral quasicrystal,36 this structure 
lacks icosahedral clusters, which contradicts the common assumption for a quasicrystal 
approximant. We suspect that compounds isostructural to CaAu3Ga should be prospective 
precursors for quasicrystals, just like Mg2Zn11-type phases. Therefore, we reinvestigated other 
isostructural examples, NaAu3Ge and NaAu3Sn, for valence electron tuning to quasicrystals,37,38 
and designed isocompositional phases AAu3T (A = Ca, Sr, Ba and T = Ge, Sn) for new 
isostructural compounds.  
In this Account, we will demonstrate a profound chemistry for: (1) BaAl4-type Au-rich phases 
by varying valence electron counts; (2) a series of novel lithiated Zn-rich intermetallics; and (3) 
rare earth-rich polar intermetallics containing planar hydrocarbon-like metal clusters exhibiting 
multicenter bonding. In all cases, the synthetic motivation, structural motifs, and phase 
stabilization mechanisms, such as VEC, size factors, and bonding features, are emphasized. 
Understanding the relationships among these various factors will illuminate predictable synthetic 
strategies of novel metal-rich compounds. 
2. BaAl4-Type Related Electron-Poor Au-Rich Intermetallics 
According to experience,21,28,39 gold does not behave as a noble metal in intermetallics. Au-
rich intermetallics are a fertile field to discover new valence electron-poor polar intermetallics, 
 6 
such as those identified in Figure 2 by loading “AAu3T”. These outcomes demonstrate that there 
are numerous structural motifs involving Au, and the formation and stabilization of a polar 
intermetallic phase is often influenced by many factors, so that any subtle change of relative 
atomic sizes, bond distances, valence electron counts, chemical composition, or temperature 
could result in a different outcome.  
2.1 SrAu3Ge. SrAu3Ge can be obtained by fusion of stoichiometric mixtures of elements at 
700 oC for 6h, followed by slow cooling to 400 oC at which it is annealed for 6 days, and then 
quenched to room temperature. SrAu3Ge is a line compound, stable in air at room temperature. 
The structure of SrAu3Ge (P4/nmm; a = 6.274(1) Å, c = 5.4944(9) Å),40 Figure 3a, features 
layers of corner-shared Au5Ge octahedra stacked along the c-axis with the cavities sandwiched 
by uncapped Au4 squares and filled with Sr atoms. This structure is an ordered derivative of 
CeMg2Si2 (P4/mmm) in which the apical atoms capping above and below the square nets are 
identical (Figure 3b). A bonding analysis of SrAu3Ge using crystal orbital Hamilton populations 
(COHPs) indicates that the interlayer Au−Ge contact has the largest bond population (2.96 
eV/bond), followed by the apical-to-basal Au−Ge (2.35 eV/bond) and Au-Au (1.28 eV/bond) 
contacts, then the in-plane Au−Au (0.70 eV/bond) interaction. These values indicate that the 
Au5Ge octahedra are strongly covalently bound along the c-direction and weaker in the ab-plane, 
and provide a rationale for the observation of “squeeze frog” like uniaxial negative thermal 
expansion (NTE) in c.40  
SrAu3Ge is strikingly different from ThCr2Si2-type SrAu2Ge2 (I4/mmm; a = 4.519 Å, c = 
10.356 Å),40 which features layers of edged-shared square pyramids (Figure 3c). The different 
arrangements of apical atoms in these two structures reflect different bonding characteristics 
driven by VEC. BaAl4-type “122” phases and its ordered variants, ThCr2Si2-, CaBe2Ge2-, and 
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BaNiSn3-types, are optimized near 14 valence electrons per formula unit,41 a value that can vary 
by ±2e− if the role of other factors, such as size, for structural stabilization becomes 
pronounced.39 Apparently, SrAu3Ge, with 9e−  per formula unit represents one preferred 
structural model for electron-poorer BaAl4-related phases, as revealed by molecular orbital 
analyses.40 In contrast, CeMg2Si2 is the preferred model for larger values of valence electrons per 
formula units (≥ 16e−).41  
2.2 Sr3Au8Sn3. One way to circumvent a low VEC for a BaAl4-type member is to form the 
La3Al11-type structure or an ordered derivative by replacing one third of the interlayer bonded 
atom pairs by a single atom, as observed for Sr3Au8Sn3 (VEC = 8.67e−/“SrAu2.67Sn”),42 whereas 
SrAu2Sn2 (VEC = 12e−) adopts the CaBe2Ge2-type.43,44 Sr3Au8Sn3 can be obtained phase pure via 
stoichiometric reaction at 800 oC for 6h followed by annealing at different temperatures: for T 
exceeding 550 oC, the tetragonal La3Al11-type phase (HT) wins; and for T below 400 oC, the 
orthorhombic Ca3Au8Ge3-type phase (LT) wins.42 According to differential thermal analysis 
(DTA), the transition occurs at 454 oC. Both polymorphs feature columns of Sr-centered 
pentagonal and hexagonal prisms of Au and Sn stacked along the respective longest axis, see 
inset of Figure 4a. For the HT modification Figure 4b, sites shared between the different prisms 
are occupied by Au/Sn mixtures, whereas for the LT polymorph, these sites are completely 
ordered by one Au and one Sn atom. According to bond population analyses in Figures 4c–e, the 
disorder-order (HT-LT) transformation is driven mainly by covalency optimization of Au–Au 
and Au–Sn bonds around the Au/Sn mixed sites. The corresponding entropy change can be 
estimated from a standard statistical method for atomic mixing, ∆S = 2.74 cal K−1 mol−1, and its 
product with the transition temperature, T∆S = 1.99 kcal mol−1, is close to that measured from 
DTA, ∆H = 2.54 kcal mol−1.  
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2.3 BaAuxSn4−x. For “BaAu3Sn”, the product is dominated by a novel Ba2Au8Sn phase45 
together with minor amounts of CaBe2Ge2-type BaAuxSn4−x.46 During a careful examination of 
the phase width of BaAuxSn4-x, all three ordered derivatives of the prototypic BaAl4-type were 
found,46 as shown in Figure 5. According to refined compositions, the homogeneity ranges for 
the BaNiSn3-type (I4mm), ThCr2Si2-type (I4/mmm), and CaBe2Ge2-type (P4/nmm) phases are 
estimated to be x = 0.78(1)–1, 1.38(1)–1.47(1), and 1.52(1)–2.17(1), respectively. This outcome 
is meaningful for a straightforward comparison of VEC on the formation of ThCr2Si2-, 
CaBe2Ge2-, and BaNiSn3-type structures. Although a few R-Ir-Si (R = rare earth) systems also 
contain all three structural types,47 two “122” compositions are found as HT and LT phases with 
the same composition.48 Moreover, valence electron counting for these systems is difficult 
arising from the unknown formal charge of Ir. Results for BaAuxSn4−x reveal that the ThCr2Si2-
type phase occurs at an intermediate VEC region of 13.6–13.8e−/formula unit, whereas the 
BaNiSn3- and CaBe2Ge2-type occur at higher (15.0–15.6) and lower (11.5–13.4) valence electron 
counts, consistent with that generalized from “coloring” of rare earth/gold/aluminum systems.39  
Based on these results, the relationship between the formation of BaAl4-type derivatives and 
VEC is clear. That is, the BaAu3Ge-type/La3Al11-type, the CaBe2Ge2-type, the ThCr2Si2-type, the 
BaNiSn3-type, and the CeMg2Si2-type structures occur sequentially from low to high VEC = ~8–
16e−/formula unit, or e/a values of 1.6–3.2. This range, in fact, covers a wide range of 
intermetallic compound classes from Hume-Rothery phases to Zintl phases.  
2.4 Ba2Au6(Au,T)3. The reaction targeting “BaAu3Sn” also yielded the Au-richest polar 
intermetallic phase Ba2Au8Sn,45 which was shown to be essentially a line compound  formulated 
as Ba2Au6(Au3−xSnx) (x ∼ 1). The structure of Ba2Au8Sn is rhombohedral with three independent 
atoms in the structure, i.e., 12c sites for Ba, 36f sites for Au, and 18e sites for Au/Sn mixture. 
 9 
Further exploration shows that Sn in Ba2Au6(Au3−xSnx) can be replaced by Al, Ga, In, Zn, and 
Cd, with various phase widths, and the counteraction Ba can be replaced by Sr, together with 
possible structural distortions.49  
The structure of Ba2Au8Sn is unusual in many ways. As shown in Figure 6, the structure 
features a hexagonal-diamond-like Au network, with voids filled by Ba atoms and (Au/Sn)3 
triangles in a 2:1 ratio. The formation of a diamond-like net of Au suggests significant covalent 
bonding, such as in the ZnS-type substructure in Heusler alloys.50 Charge density plots confirm 
significantly delocalized electron density within and between the triangular units and the 
diamond-like Au framework, Figure 7. In fact, the structure also shows strong interactions via 
electron delocalization between Ba and Au atoms of the diamond-like net, as suggested by 
similar integrated Hamilton populations (–ICOHP values) of some Au−Au (0.60 eV/bond) and 
Ba–Au (0.45 eV/bond) contacts. Apparently, the chemistry and bonding of Ba2Au8Sn, with an 
exceptionally high Au content (~72.7%) or exceptionally low e/a value (1.45), are somewhat 
different from other polar intermetallic compounds due to electron delocalization.  
3. Lithiated Zn-Rich intermetallics 
The formation of a tetrahedral net of Au atoms in Ba2Au8Sn as a solution to accommodate a 
limited number of bonding electrons (1.45e−/atom) is intriguing, as opposed to the “icosogen 
capability”51 of group 13 elements to form deltahedra in response to valence electron deficiency.  
This outcome motivated interest to examine how group 12 elements respond in solids with low 
VECs. The Ca-Li-Zn ternary diagram serves as a good system to explore Zn-rich, yet valence 
electron-poor intermetallics because there is no reported ternary compound so far.  
We investigated regions close to the known CaZn2, CaZn3, and CaZn5 binaries, and found 
various complex structures arising from decreasing VECs by small additions of lithium. For 
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phases with VECs close to that of typical Zintl phases (> 3.0e−), Zn behaves like group 13 
elements by forming deltahedral clusters, e.g., icosahedra; for smaller VECs closer to Hume-
Rothery phases (~ 2.0e−), Zn forms heavily condensed and defect deltahedral clusters.  
3.1 Ca~30Li3+xZn60−x. Crystals of Ca~30Li3+xZn60−x (x = 0.44 – 1.38)52 were obtained by 
reacting either CaZn2 and Li in a 6:1 molar ratio or a stoichiometric mixture of Ca, Li, and Zn 
metals at 700 oC for 2h, followed by annealing at 400 oC for 1 week, and quenching to room 
temperature. The structure of Ca~30Li3+xZn60-x is hexagonal, distinctive from orthorhombic CaZn2 
despite only ~4 mol. % Li is added, and features a formally anionic network of interconnected 
Zn3 triangles, Li-centered Zn12 icosahedra, and arachno-(Zn,Li)18 hexagonal drums, see Figure 8. 
In this structure, only two out of six Zn sites mix with Li, and they are especially aggregated with 
the arachno-(Zn,Li)18 drums. Li atoms fully occupy the site at the center of each Zn12 
icosahedron. Since Li atoms in this structure are tightly wrapped by Zn atoms, the product is 
unreactive on exposure to air and water at room temperature.  
The VEC values for Ca~30Li3+xZn60-x (~182.5e−/formula unit) are about 10-20 electrons less 
than isostructural compounds Ca30Cu25.0Al38.0 (199.0e−), Na8K23Cd12In48 (199.0e−) and 
Na30.5Ag6.4Ga53.6 (197.7e−). However, valence electron counting for Ca~30Li3+xZn60-x given in 
Table 1 yields a small difference between bonding electrons (180e−) required for structural 
stabilization and the number provided from its components (~182.5e−), suggesting that 
Ca~30Li3+xZn60-x is a Zintl-like compound with a small excess of valence electrons. The small 
discrepancy relates to the relatively large contribution of Ca−Zn polar-covalent interactions, 
which contribute ~41.0% toward the total bond population. In contrast, corresponding Na−Ga 
contributions in a hypothetical model of “Na30Ga60” based on the Na30.5Ag6.4Ga53.6 structure is 
only 17.3%.  
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3.2 Ca12LixZn59-x and Ca15LixZn75−x. Along the imaginary CaZn5–“CaLi5” tie-line in the Ca-
Li-Zn ternary system, two novel complex structures were discovered with compositions close to 
CaZn5. Ca12LixZn59−x and Ca15LixZn75−x crystallize, respectively, in rhombohedral and hexagonal 
space groups, with similar a-parameters (≈9.17 and 9.18 Å) and large c-parameters (≈53.60 and 
45.19 Å).53 Judging from these structural characteristics, extremely complex structures are 
expected for both. In fact, they belong to a large family of intergrowth structures formulated as 
(A3m+6n)(L2m+3n)(M14)m(M24)n, in which A and L denote formal cations and linear-chains bridging 
M14 and M24 clusters, as shown in Figure 9. Here M14 is a dimer (D) of face-sharing hypho-
icosahedra with 14 vertices and M24 is a trimer (T) of a Li-centered icosahedra sandwiched by 
two hypho-icosahedra with a total of 24 vertices. Trigonal Ca12LixZn59−x (m = 6, n = 3) exhibits a 
stacking sequence of M14 and M24 clusters as DTDDDTDDTD, whereas hexagonal Ca15LixZn75−x 
(m = 6, n = 2) shows a stacking sequence of TDDDTDDD. Other intermetallic structural types, 
which are valence electron poor, also belong to this intergrowth family, including SrMg5.2 (m = 2, 
n = 0), Ba2Li4.21Al4.79 (m = 0, n = 3), and Sr9Li17.5Al25.5 (m = 2, n = 2). In addition, Sr8Mg38 and 
BaLi4 structures are similar, but their dimers or trimers show defects or distortions.  
If classical valence electron counting is applied to Ca12LixZn59−x and Ca15LixZn75−x, there are 
large discrepancies between expected numbers of bonding electrons and that provided by the 
components (40e− versus 56e−). Apparently, these two phases cannot be explained by Zintl-
Klemmn concepts,54 in contrast to Zintl-like Ca~30Li3+xZn60−x, because some inter- and intra-
cluster bonds are omitted in the discussion of dimers and trimers of deltahedra; in particular, the 
intracluster bonding electrons of the concave dimer and trimer building units are not counted 
when applying Wade-Mingo’s rules.11,12  
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Examination of VEC per Zn atom sheds some new light. The VEC/Zn for Ca~30Li3+xZn60−x is 
2.90e−, a value close to that of Zintl phases (> 3.0e−). In contrast, Ca12LixZn59−x (2.15–2.32e−) and 
Ca15LixZn75−x (~2.16e−) are positioned nearer Hume-Rothery phases and sp-bonded close-packed 
metals (≤ 2e−), a result which encouraged us to examine whether a Hume-Rothery mechanism8 
works for these two complex structures. Using the average valence electron density, the diameter 
of the Fermi sphere (2kF) for trigonal “Ca12LiZn58” is calculated as 1.451 Å−1, a value that 
closely matches 1.447 Å−1, which is radius (|Khkl|/2) of the Brillouin zone defined by the (1, 2, 
17) and (1, 3, 4) Miller planes, which generate the strong diffraction peak at 2θ ≈ 41.7o in the X-
ray diffraction pattern, Figure 10. In fact, the pseudogap in the calculated electronic DOS curve 
at ca. −0.5 eV corresponds to the strongest diffraction peak at ~39.5o. For hexagonal 
Ca15LixZn75−x, such calculations reveal a similar scenario, that is, the Fermi sphere is found just 
within a Brillouin zone defined by the (2 0 16), (2 2 0), and (3 0 10) planes, corresponding to the 
strongest peak at 2θ ~ 39.2o. Therefore, both Ca12LixZn59−x and Ca15LixZn75−x belong to Hume-
Rothery phases and their phase stability can be rationalized by a Fermi surface-Brillouin zone 
interaction mechanism.8  
4. Rare Earth-Rich Polar intermetallics 
In previous sections, we recognized that alkaline earth metals, which are commonly assumed 
to be active electron donors, sometimes do not donate all valence electrons to electronegative 
components in valence electron-poor polar intermetallics, such as Ca in Ca-Li-Zn phases and Ba 
in Ba2Au8Sn. Rather, they exhibit pronounced covalent bonding interactions with these elements. 
In this section, we demonstrate that rare earth metals are also partial valence electron donors in 
rare earth-rich polar intermetallics.  
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As illustrated in Figure 11, the structure of Pr5Co2Ge355 features two unprecedented molecular 
species, Co2Ge4 and (Co2Ge2)n with geometries resembling ethylene and polyacene, respectively. 
These two moieties interpenetrate planar honeycomb nets of rare earth atoms to form slabs that 
alternately stack with layers of rare earth tetrahedra. In comparison, the structure of Pr7Co2Ge4 
contains planar Co4Ge6 clusters that mimic the carbon backbone of 1,2,4,5-tetramethylbenzene. 
Pr atoms in Pr5Co2Ge3 can be replaced by almost all lanthanides and Co by Ni. For Pr7Co2Ge4, 
substitutions by other heavy rare earth metals for Pr and Ni for Co are also possible, with tunable 
dominant ferromagnetic interactions. 
We suspect that these planar hydrocarbon-like metal clusters could be stabilized by specific 
numbers of valence electrons, like aromatic or anti-aromatic molecules. In fact, molecular orbital 
energy diagrams of Co2Ge4, (Co2Ge2)n, and Co4Ge6 clusters show delocalized π and π* bonding 
at the HOMO and LUMO.55 Unfortunately, it is difficult to assign unambiguous formal charges 
to these metal-metalloid clusters arising from the unknown formal charge of Co and incomplete 
charge transfer from Pr to Co/Ge. As yet, the evidence is insufficient to conclude whether the 
Hückel (4n + 2)π-electron counting rule applies for aromaticity or not.  
But, electron delocalization within the planar Co-Ge clusters is evident from charge density 
and electron localization function (ELF) plots,55 as well as COHP plots for Co−Co and Co−Ge 
interactions, shown in Figure 12, which identify the states near the Fermi level to be Co−Co and 
Co−Ge antibonding. Onn the other hand, Pr−Co and Pr−Ge COHP curves indicate weakly 
bonding states at the Fermi level, which together with the Co−Co and Co−Ge COHP results 
suggest a delocalized bonding picture for the planar hexagonal Co-Ge cluster capped by Pr. The 
integrated Hamilton populations (–ICOHP values) in Table 2 indicate large polar-covalent 
contributions to the total bond populations arise from Pr−Co and Pr−Ge bonds, respectively, 
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summing to 68.6% and 71.3% for Pr5Co2Ge3 and Pr7Co2Ge4, and only 18.6% an d 12.6% coming 
from the Co-Ge clusters, although the individual Co−Co and Co−Ge bonds have the largest 
populations.  This outcome strongly suggests significant multi-centered bonding that leads to 
their structural and phase stability. 
5. CONCLUSION 
The bonding characteristics of valence electron-poor polar intermetallics, features that are 
significant for cohesion and chemistry, is a debatable topic in solid-state chemistry. Factors such 
as VEC, atomic size ratios, and valence atomic orbitals are all critical for the stability of these 
phases, as illustrated by the Au-rich BaAl4-type related compounds in Figure 2. This scenario is 
rather different from the dominant role of Zintl-Klemm valence electron counting rules for Zintl 
compounds and FS-BZ mechanism for Hume-Rothery phases. 
At low VECs, the influence of valence electrons for metal-metal bonding from group 11 (Au) 
to group 12 (Zn) yields different outcomes. Au forms a stuffed, covalently-bonded hexagonal-
diamond-like framework to reconcile electronic deficiency as adopted by Ba2Au8Sn. In contrast, 
Zn, with two valence electrons, forms icosahedral clusters, arising from its icosagen capability. 
In the case of larger VECs, as in Ca~30Li3+xZn60−x, Zn forms interlinked networks of icosahedra, 
like group 13 elements; otherwise, Zn clusters must be defective or heavily condensed to avoid 
excessive formal negative charges, as seen in Ca12LixZn59−x and Ca15LixZn75−x. On the other hand, 
rare earth rich intermetallics gain stability by significant multi-center bonding involving the rare 
earth metals with the electronegative components. It is apparent that many unprecedented 
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Table 1. Tentative Electron Counting Schemes for Ca30Li3+xZn60-x, Ca12LixZn59-, and 
Ca15LixZn75-x. 
 Ca30Li3+xZn60-x   
 Skeleton Exo-bond Total  
Li@Zn12 icosahedron 2 × 12 + 2 = 26 12 38 
arachno-M18 polyhedron 2 × 18 + 6 = 42 12 54 
4 bonded-Zn in Zn3 2 × 3 = 6  6 
Bonding electrons required 54 × 1 + 38 × 3 + 6 × 2 = 180 
Electrons provided by components  182 
Difference / cell of Ca30Li4Zn59 2 
 Ca12LixZn59-x Ca15LixZn75-x 
VEC of Dimer/cell 56 x 6 = 336 56 x 6 = 336 
VEC of Trimer/cell 84 x 3 = 252 84 x 2 = 168 
No. shared corners/cell 54 48 
Charge of linear chain/cell 3 x 6+  = 18+ 2 x 10+ = 20+ 
No. electrons required/cell 336 + 252 - 54 -18 = 516 336 + 168 - 48 -20 = 436 
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No. electrons provided by 
components/cell 
395 ± 15 324 






Table 2. Average COHP and respective contribution per cell for selected atom pairs in 
Pr5Co2Ge3 and Pr7Co2Ge4. 





 (% per cell) 





 (% per cell) 
Pr5Co2Ge3 Pr7Co2Ge4 
Pr-Pr 3.545–4.060 0.34 12.8 Pr-Pr 3.448–4 .051 0.31 16.2 
Pr-Co 2.924–3.044 0.87 22.3 Pr-Co 2.913–2.993 0.95 19.5 
Pr-Ge 3.063–3.447 1.01 46.3 Pr-Ge 3.088–3.542 0.97 51.8 
Co-Co 2.326–2.358 2.28 4.2 Co-Co 2.366 2.11 2.5 





Figure 1. Relative electronic positions of Hume-Rothery phases, polar intermetallics, and Zintl 
phases on a scale of valence electron concentration, e/a. 
 
Figure 2. Various products of the 1-3-1 “gold grid” for AAu3T (A = Ca, Sr, Ba; T = Ge, Sn). 
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Figure 3. Comparison of crystal structures of (a) SrAu3Ge, (b) CeMg2Si2, and (c) SrAu2Ge2. Red 
spheres represent Sr or Ce atoms, golden spheres represent Au or Mg atoms, and grass green 
spheres represent Si or Ge atoms. Dashed lines denote atoms are too far to be considered as 
bonding. (Adapted with permission from ref. 42. Copyright 2013 American Chemical Society.) 
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Figure 4. Crystal structures of (a) high-temperature (HT) and (b) low-temperature (LT) 
polymorphs of Sr3Au8Sn3. The bond strength evaluated by –COHP data for selected Au−Au and 
Au−Sn pairs involved in the order-disorder transition in structural models of (c) the lowest 
energy model of HT phase, d) LT, and (e) pseudo-HT model. (Adapted with permission from ref. 
42. Copyright 2013 American Chemical Society.) 
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Figure 5. Relationships of lattice parameters (a, c) and unit cell volumes (V) versus refined x 
(bottom) or VEC (top) in BaAuxSn4−x. The different homogeneous regions are emphasized by 
shading. Solid (red) lines denote linear fittings in the different regions, and dashed lines, their 








Figure 7. (a) The (110) and (b) one of selected (00z) section of charge density plots for 
Ba2Au8Sn showing electron delocalization within triangles and with Ba atoms. Note the 
locations of charge densities between atoms. 
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Figure 8. The structure of Ca30Li3+xZn60−x consisting of Zn3 triangles, Li-centered Zn12 
icosahedra, and hexagonal (Li,Zn)18-drums. (Adapted with permission from ref. 52. Copyright 
2015 American Chemical Society.) 
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Figure 9. The intergrowth family of (A3m+6n)(L2m+3n)(M14)m(M24)n, in which A and L denote 
formal cations and linear-chains bridging the two complex building blocks M14 and M24 clusters 
shown in the middle. Two representative members,  Ca12LixZn59−x and Ca15LixZn75−x, are shown. 
(Reproduced with permission from ref. 53. Copyright 2016 American Chemical Society.) 
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Figure 10. The electronic densityofstates (DOS) for a hypothetical trigonal “Ca12LiZn58” model. 
The two marked pseudogaps are generated by the two strongest diffraction peaks in a powder X-
ray diffraction pattern, and fulfills the Hume-Rothery FS-BZ mechanism. (Copyright of 
American Chemical Society, 2016). (Reproduced with permission from ref. 56. Copyright 2016 
American Chemical Society.) 
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Figure 12. The COHP curves for Pr−Pr, Pr−Co/Ge, Co−Co, and Co−Ge pairs in (a) Pr5Co2Ge3 
and (b) Pr7Co2Ge4. Note, Pr−Co and Pr−Ge curves have similar shapes and strengths around the 
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